INTRODUCTION
The facilitative glucose transporters are responsible for the movement of o-glucose down its concentration gradient across the cell surface in most mammalian 0688~8809/92/0337-0345$03.00/0 Molecular Endocrinology CopyrIght 0 1992 by The Endocrfne Scmety cells. A family of these transporters has been described and cloned (l-l 2). Of these, at least two are expressed in those tissues, namely adipose, skeletal, and cardiac muscle, where glucose uptake is acutely stimulated by insulin. One of these glucose transporter isoforms, known as the erythrocyte type or GLUT 1, is also widely expressed in noninsulin-responsive tissues. The other transporter isoform, the muscle-adipose type or GLUT 4, is expressed only in those cells where glucose uptake is acutely stimulated by insulin (7) (8) (9) (10) (11) (12) and is thought to be the major transporter in these tissues (13) (14) (15) . Furthermore, in rat adipocytes, GLUT 1 and GLUT 4 have been shown to be localized in different intracellular vesicle populations (14) and to be differentially regulated under pathological and physiological conditions. A strong decrease in GLUT 4 expression, without changes in the levels of GLUT 1, has been reported in adipocytes of diabetic and fasted rats (16) (17) (18) (19) . The expression of GLUT 4 can be restored by insulin or vanadate treatment of the diabetic rats, as well as by refeeding the fasted animals (16) (17) (18) (19) (20) . Changes in GLUT 4 expression in muscle have also been shown in diabetes (20-21) as well as during exercise training (22) .
It is generally accepted that in adipose tissue, the rapid increase in glucose uptake elicited by insulin is due mostly or entirely to the translocation of intracellular transporters to the plasma membrane (23-25) and these transporters are predominantly of the GLUT 4 isoform (14, 15) . Transporter translocation has also been shown to operate in the murine 3T3-Ll adipocyte cell line (26) (27) , although GLUT 1 probably plays a significant quantitative role in the transport activity of these cells (27) . There is also evidence supporting the translocation mechanism in skeletal muscle (28) (29) (30) in the rat L6 skeletal muscle cell line (31) and in BC3H-1 myocytes (32). However, the contribution of GLUT 4 to translocation in cultured muscle lines may not be substantial (32) and almost all details of the recruitment mechanism have been elucidated in fat cells. Much less is known about the mechanistic details involved in the glucose uptake stimulation by insulin in muscle, the (33, 34) . The relative lack of detailed information from musde is mostly due ?a the experimental problems associated with using this tissue, such as the heterogeneity of muscle cell type and the difficulty of membrane isolation from the myofibrils, Thus, it woutd be highly desirable to exploit exprimental in vitro model5 of skeletal mutie as an alternative way of addressing the problem of insulin-stimulated glucose transport in intact muscle tissue, As a step in this direction, we have studied a fusogenic mouse skeletal muscle cell line, C2Cl2, a s&clone of the C2 cell line, where the morph so&ted with myogenesis can be altering media conditions (35). We investigated the presence of the different glucose transporter in these cells and their glucose transport sensitivity Ito the presenceof insutin. Furthermore, we overexpressed the GLUT 1 and GLUT 4 transporter isoforms and further investigated their gtucose uptake characteristics and their response to insulin in stably transfected ceR lines.
RESULTS
Glucose Upfake in C2C12 Cells Undiitited (wn symbds) OT dhrentiated (c/as& syrnh/s) C2C12 cells gGrown in six-well culture dishes were washed three times in serum-fxae DMEM without glucose and starved for 1 h in the same medium supplementad with 5% horse serum, fhey were further Incubated for 30 min in the prewnw, or absen0e of 700 nM insulin tmmediately bzfore the uptake assay. Uptake was initrated by the addition of 5 NM 2-['4C(LIj]deoxy-~-glucose, 50 &i/pmol, and 5 FM ~-[l-~Hljglu-cosa, 100 ~Ci/flmol. At the indicated time points, the upfake was stopped by aspirating the medium and immdiatdy washing the prafes fwo fimcls with 20 FM ice-&d cytochalasin B in PBS. The monolayers were resuspended in 0.5 M NaOH, and the radioactivity was measured by liquid scintillation counting.
A, Myoblasts without knsulin; 0, myoblasts with Insulin; A, myotubes w~mout rnsulin; #, myotubes with insulfn. entiated C2C12 cells. The uptake rate in the myotubes b about 2-f&l higher than in the my&&&s, and the uptake rate is not affected by insulin in either 68~13.
Endogenour Levds oli Glucose Trarrspotiers
The la& of insulin responsiveness could result from the absence of GLUT 4, and therefore, the presence of dierent glucose transporters isoforms in CTC12 cells was debmined by immunoblotting after membrane fractionation of my&fasts and myotubes as d in lwaterials and Methods, As is shown in Fi GL 1 isoform was foun to be present in both my asts and myotubes and was more abundant in the differentiated cells. This gllpco68 transporter isoform was much more abundant in Pl, the low spin petlet fractii of the cell homogenate. The GLUT 4 isoform, however, was essentially absent in myoblasts, and onfy an extremely weak signal coufd be detected by immunoblot analysis in the myotubes. This signal was found only in P2, the hgh speed spin fraction (see Fig. 4 ). Membrane frWons were isdated frwn CZC12 cells wore and after differentiation, One hundred fifty micrograms of membrane protein were electrophoresed according to Laemmli (45) in 10% awylamide gels and immunoblofted as destined in Materials and Methods. A, Results &fained with the anti-GLUT 4 antiMy; l3, results obtained with the anti-GLUT 1 antibody. Pl represents the low speed spin fraction, and P2 stands for the high speed spin fraction (see #a&Ha/s and Methcrds). LDM corresponds to 100 pg fat low density microsomes included as control.
Gluoose l"ra~rtevs in Cultured Muscle Cells Ttinsfection of Gktcose Transporters into C2C12 Cells As established above in Fig. 1 , the C2C12 cells do not show any insulin stimulation on glucose uptake. Fn agreement with previous obsenrsrtions (36), the presence of insulin receptors in C2612 cells was detected in differentiated cells by insulin binding assays (results not shown). Thus, the lack of an insulin-stimulated glucose uptake could be related to the almost levels of GLUT 4 detected in these cells. If GLUT 4 and the insulin receptor are sufficient to confer insulin-stimulated glucose transport, transfection of GLUT 4 cDNA into C2C12 cells might restore this process. To explore this possibility, cells were transfected with cDNA constructs coding for either the GLUT ucose transporters. oells were obtained that showed markedly increased levels of GLUT 1 and GLUT 4 expression, res ely, and from them, one of each was further inve ted. Figure 3A shows the levels of GLUT 1 mRNA expressed in tha nontransfeeted and GLUT l-transfected cells. When the membrane fractions of these cells were immunoblotted with a specific anti-GLUT 1 antibody and compared to the wild type membranes (Fig. 38) , a 3-fold increase in the amount of transporter was detected in the PI The functional assay for this transfeded p performed by measuring the glucose uptake in the wild type cells and in the ce4ls transfectad with GLUT 1. As shown in Table 1 1 a 2-fold in ase in the glucose uptake was detec?ed In the GL 1 -transfected cells. When the GLUT 4 expression was studied, the Vansfected cetrs showed a very drama&z increase in the level of GLUT 4 mRNA (>lO-fold). This was detected in both mpblasts and myotubes (Kg. 4A), The levels of GLUT 4 mRNA detected in the transkctad cells are higher than the levels obaerv in rat heart, a tissue where GLUT 4 is known to be abundant (8) (9) (10) (11) (12) . No significant diierenoes of GLUT 4 mRNA were observed between cells transfected witi an antisense construct and the untransfecteci cells (results not shown). The expression of the GLCrr 4 pruteln was in immunoblotting. It can be seen in Fig,  protein level is also increased at least 1Q-nontransfected cells, and it was found mainly in the Fl2 membrane fraction. This contrasts dramatically with GLUT 1 which is found mainly in the Pi fraction, and transporters seem to be differan level of GLUT 4 protein expression other tissues by quantitative immunoblotting, and the results are presented in Fig. 4C . It was determined that the &mount of GLUT 4 protein present in the cell membranes was 6 pmol/mg (300 ng/mg) membrane protein. This is similar ta the amount present in rat red gastrocnemius (Fig. 4C , lanes 3-6) and approximately one-tenth the amount present in rat fat low density microsomes ( ig. 4C, lanes 8-12), a more highly purified membrane fraction. GLUT 1 protein was also quantitated in the GLUT 4-transfeoted cells (data not shown), and in agreement with a recently pubtished article (32), GLUT 1 protein was also expressed at 30s 600 ngjmg membrane protein. Thus, the level of expressed GLUT 4 is substantial from both an absolute and relative perspective, but when the glucose uptake of the GLUT 4-transfected myotubes was assayed and compared with the untransfacted C2C12 cells, no differences were found between the two ceil lines. Similar glucose uptake rates were observed with or without insulin stimulation of the cells as shown in TaMe 1,
Immunofluoresceme of Glucose Trmsporters
We interpret the fact that GLUT 1 transfection leads to higher glucose transport rates, whereas GLUT 4 trans- Cells in six-well tissue culture dishes were washed three times with serum-free DMEM without glucose and starved for 1 h in the same medium with 5% horse serum. Ceils were further incubated with (+) or without (-) 100 nM insulin for 30 min. Uptake was initiated by the addition of 5 PM 2-[%(U)]deoxy-D-glucose, 50 pCi/pmol, to the medium. After 3 min the uptake was stopped by aspirating the medium and immediately washing the plates two times with 20 PM ice-cold cytochalasin B in PBS. The monolayers were resuspended in 0.5 M NaOH, and the radioactivity was measured by liquid scintillation. Nonspecific transport was determined by the presence of 5 PM L- [~H] glucose in the uptake mixture. The results are expressed in micromoles of o-glucose per mg protein.
fection does not, to differential targeting of these transporters, with the former being directed, in part, to the cell surface, and the latter being restricted to an intracellular locus. To investigate this postulate, we studied the localization of the different glucose transporter isoforms by immunofluorescence and confocal immunofluorescence microscopy.
It is clear in Fig. 5 , that when the cells were analyzed for the presence of GLUT 4 by immunofluorescence, using either an affinity purified polyclonal antibody R1069 or the monoclonal antibody 1 F8, a distinctive intracellular punctate staining was observed. This staining was only present in the GLUT 4-transfected cells, and no specific staining was detected in the untransfected cells. In all cases autofluorescence of the cell nuclei could be seen, and this autofluorescence was also observed in the absence of any antibody treatment.
The confocal microscopy analysis of the GLUT land GLUT 4-transfected and untransfected cell lines presented in Fig. 6 shows that GLUT 1 can be detected at the plasma membrane of the myotubes, as well as within cytoplasmic structures of the cell (Fig. 6, A, B , and C. This distribution was not altered by insulin exposure of the cells. On the other hand, when antibody R1069 was used for the detection of GLUT 4 (Fig. 6 , D, E, and F), only the intracellular compartment of the GLUT 4-transfected cells was stained as can be seen in Fig. 6F , where a heavily stained micrograph is presented. The staining showed the same pattern after the cells were exposed to insulin. No GLUT 4-specific stain was observed in the wild type C2C12 cells or in the GLUT l-transfected cells. These results are in agreement with the idea that the GLUT 4 protein is targeted to an intracellular membrane compartment from which it is unable to move in response to insulin.
DISCUSSION
In the present study, we have shown the lack of insulinregulatable glucose uptake in C2C12 cells. These re- A, Northern blot where 20 pg total RNA were blotted with a GLUT 4-specific probe. Arrows indicate 18s and 28s rRNA. RH, Rat heart; B, myoblasts; T, myotubes. B, Western blot where 150 pg membrane proteins from the different membrane fractions, Pl and P2, were immunoblotted with the GLUT 4-specific antibody lF8. C, Quantification of GLUT 4 protein in GLUT 4-transfected C2C12 cells (7C5). Forty micrograms of proteins from Pl and P2 fractions (lanes 1 and 2) were immunoblotted with antibody lF8 along with increasing amounts of red gastrocnemius (RG), heart (H), and fat low density microsomes (LDM). Lanes 3-6,10,20,30, and 40 fig red gastrocnemius; lane 7,10 Pg heart; lanes 8-l 2,0.5, 1, 1.5, 2, and 2.5 pg fat low density microsomes. suits might be considered somewhat surprising, since C2C12 cells have well established muscle-specific characteristics (35, 37), insulin receptors (36), and might therefore be expected to show some insulin-stimulated Downloaded from https://academic.oup.com/mend/article-abstract/6/3/337/2714539 by guest on 22 April 2018
Fig. 5. lmmunofluorescence of GLUT 4 in C2C12 Cells
Cells were grown in chamber slides, fixed for 30 min with 4% formaldehyde and 10 min with 4% formaldehyde and 0.1% Triton X-l 00. They were blocked with 5% nonfat dry milk in PBS with 0.1% Triton X-l 00 for 2-l 6 h and incubated for 1 h with 10 pg/ml antibody 1 F8 (A and B) or 0.75 kg/ml antibody R1069 (C and D) in 0.5% nonfat dry milk in PBS with 0.1% triton X-100. Cells were washed with 0.1% Triton in PBS and incubated for 1 h with fluorescein isothiocyanate-labeled goat antimouse IgG for 1 F8 or goat antirabbit IgG for R1069. After washing three times with 0.1% triton in PBS the slides were rinsed with water and mounted for light microscopy. The entire procedure was performed at 4 C. A and C, Untransfected cells; B and D, GLUT 4-transfected cells. glucose uptake typical of adult skeletal muscle. Initially, one could consider that the lack of an appreciable insulin-mediated stimulation of glucose uptake could be related to the virtual absence of endogenous GLUT 4 expression (Fig. 2) . If this is the only reason for the lack of insulin responsiveness, the expression of introduced GLUT 4 would be expected to correct the defective insulin responsiveness.
To test this possibility, we transfected C2C12 cells with cDNA coding for the human GLUT 1 and GLUT 4 transporter isoforms. GLUT 1 cDNA transfection led to a significant increase in the GLUT 1 protein expression in the transfected cells as detected by immunoblotting (Fig. 3) accompanied by a 2-to 3-fold increase in the rate of 2-deoxyglucose uptake ( Table 1) . Transfection of C2C12 cells with a human GLUT 4 cDNA also led to high levels of expression of GLUT 4 mRNA and protein (Fig. 4A) . The protein levels in these transfected cells were comparable to those present in heart and red gastrocnemius (Fig. 4C) , tissues which are known to be highly insulin responsive. However, the GLUT 4-transfected cells showed no increase in basal glucose transport and failed to respond to insulin in elevating the rate of glucose uptake. This lack of response was due to the inability of GLUT 4 to translocate to the cell surface (Fig. 6 ) despite the fact that GLUT 4 protein was expressed at reasonable levels (Fig. 4C) .
To explain the failure of GLUT 4 transfection to reconstitute insulin-stimulated glucose transport in cultured muscle cells, we postulate that additional genes must be expressed to either form functional translocating vesicles (14, 38) or to mediate communication from the cell surface insulin receptors to existing vesicles. A similar conclusion was reached in a recent study of transporter transfection into different cell types (39). It was shown that transfected GLUT 4 could be localized to a tubulovesicular compartment in insulin-unresponsive fibroblasts that appeared similar to an intracellular compartment of brown fat cells where the insulin response of GLUT 4 is robust (38). Thus, these studies effects on the glucose uptake in a fusogenic muscle cell line like C2C12 could initially be related to the absence of a specific glucose transporter isoform, GLUT 4. Our results show that this is not the only reason, since C2C12 cells expressing GLUT 4 at equivalent levels as those observed in adult red gastrocnemius show no insulin-stimulated glucose uptake. Therefore, the fact that C2C12 cells are unable to promote recruitment or translocation of either glucose transporters in response to insulin strongly suggests that some other molecule(s), absent in this cell line, may be required to generate this type of response. These other components of the cell machinery involved in the hormonal regulation of the glucose uptake are yet to be identified, but doing so is a focus of our ongoing research.
MATERIALS AND METHODS

Cell Culture and Transfection
The C2C12 cell line, a subclone of the original C2 line (35) (42) was included. Cells were kept in growth media for 4-l 2 h post transfection, glycerol shocked, and harvested 48 h later. Selection of cells containing stably integrated copies of transfected DNA was accomplished by adding Geneticin (G418) to the medium at a concentration of 600 pg/ml to the growth medium. Colonies of cells resistant to G418 were collected with cloning cylinders and expanded into mass culture.
(39) and ours indicate that GLUT 1 and GLUT 4 are each targeted differently, and GLUT 4 may be targeted Construction of Glucose Transporter Expression Vectors correctly, no matter what cell type, but additional factors are required for insulin-dependent translocation to the cell surface. This might have been expected in the case of fibroblasts and hepatomas (39), but it is somewhat surprising in the case of myotubes which, in theory, derive from cells with a highly insulin-sensitive glucose transport system. Another explanation for our results with GLUT 4, and possibly those of others (39) is that GLUT 4 is inappropriately processed in these cell types, and is thus unable to respond to insulin or to mediate glucose uptake. This seems highly unlikely, since the size and appearance of the expressed GLUT 4 are completely normal, and GLUT 1 cDNA is functionally expressed under the same circumstances (Fig. 3,  table 1 , and Ref. 39). More importantly, the same cDNA we used has been shown to be functional when overexpressed in Xenopus oocytes (40).
Thus, in summary, the absence of insulin-stimulatory Plasmids containing the full length cDNA coding for the human GLUT 1 and GLUT 4 were generously provided to us by Dr. G. Bell (Howard Hughes Medical Institute, Chicago, IL) (2, 11). The cDNAs were excised from the corresponding pGEM-42 plasmids with SalI and ligated into a unique SalI cloning site of the plasmid pHPAPr-1 (43) kindly provided to us by Dr. M. Zijlstra (Whitehead Institute, Cambridge, MA). The orientation of the inserts was confirmed by restriction analysis with EcoRl
Northern Blots
Total RNA was extracted by the guanidinium thiocyanate method followed by centrifugation in cesium chloride (44). Gels for Northern blotting contained 1.1% agarose, 20 mM 3-(Nmorpholino)propanesulfonic acid (pH 7) 5 mM sodium acetate, 1 mrv EDTA, and 1 .l% (wt/vol) formaldehyde. RNA samples, 20 pg, in the same buffer containing 50% formamide and 5% glycerol were heated at 65 C for 5 min, then chilled on ice before running the gel. After electrophoresis the gel was blotted overnight onto a nylon membrane (GeneScreen, Du Pont-New England Nuclear, Boston, MA). The RNA was cross- Cells on a 1 O-cm plate were washed three times with ice-cold PBS and removed with a rubber policeman in HES buffer (25 mM HEPES, 1 mM EDTA, and 255 mM sucrose, pH 7.4). The cell suspension was homogenized by passing it three times through a 27-gauge needle. The homogenate was centrifuged at 1,500 x g for 5 min, the pellet was discarded, and the supernatant was centrifuged at 14,000 x g for 20 min. This pellet (Pl) was resuspended in HES buffer, and the supernatant was made 0.3 M in NaCl to strip out membrane-associated proteins and incubated at 37 C for 30 min. This suspension was further centrifuged at 140,000 x g for 1 h, and the pellet (P2) was resuspended in HES. About 150 fig and 250 pg proteins were obtained per loo-mm dish from the Pl and P2 fractions, respectively. Quantitative immunoblotting for GLUT 4 was performed using rat fat cell low density microsomes as standards, and these were isolated as previously described (7, 14) . For the analysis of rat heart and red gastrocnemius muscle, these tissues were removed from 150-to 170-g Sprague-Dawley male rats and homogenized with a Tissumizer homogenizer (Tekmar Co., Cincinnati, OH) in HES buffer. The homogenate was centrifuged at 1,200 x g for 10 min at 4 C, the supernatant was saved, and the pellet rehomogenized and centrifuged again at 1,200 x g for 10 min at 4 C. The supernatants were combined, and the total membrane fraction was pelleted by centrifugation at 140,000 x g for 90 min at 4 C. The pelleted membrane were resuspended in HES buffer. Protein concentrations were determined by using the BCA protein assay reagent (Pierce Chemical Co., Rockford, IL), with BSA as a standard.
Protein samples were electrophoresed according to Laemmli (45) and electrotransfered to lmmobilon membranes from Millipore (Bedford, MA). After transfer, the membranes were blocked with 5% nonfat dry milk in PBS for 1 h at 37 C and incubated with antibody against the different glucose transporters.
For the GLUT 4 transporter isoform, the monoclonal antibody lF8 was used (7) The immunofluorescent detection of GLUT 1 was performed by using a 1 :lOOO dilution of a rabbit antiserum raised against the purified human erythrocyte glucose transporter (from Dr. C. Carter-Su).
For the detection of GLUT 4, we used either 10 bg/ml Protein A-purified antibody 1 F8 (7) or 0.75 pg/ml affinitypurified rabbit antiserum R1069, raised against a synthetic peptide corresponding to the COOH-terminal 16 residues of the rat GLUT 4.
Cells were grown in Lab-Tek chamber slides (Nunc Inc., Naperville, IL), fixed for 30 min with 4% formaldehyde and 10 min with 4% formaldehyde and 0.1% Triton X-l 00. They were blocked with 5% nonfat dry milk in PBS with 0.1% Triton X-100 for 2-16 h. The first antibody was incubated in 0.5% nonfat dry milk in PBS with 0.1% Triton X-100 for 1 h and then washed with 0.1% Triton X-l 00 in PBS. Cells were then incubated with fluorescein-conjugated goat antirabbit Immunoglobulin G (IgG) or goat antimouse IgG for lF8 antibody (Cappel, Organon Teknika Corporation, Durham, NC) to detect the immune reactive complex.
The entire procedure was performed at 4 C. Immediately before cover slipping, 20 ~1 antiphotobleaching agent, phenylene diamine, was added to the slides to prevent fading.
Confocal Microscopy
A BioRad MRC600 laser scanning confocal microscopy unit (BioRad, Richmond, CA) was used to collect images of immunolabeled muscle cells. The scan unit and computer were attached to a Zeiss (Oberkochen, Germany) Axiophot microscope fitted with Zeiss PlanApo high numeric aperture objectives. All confocal images were collected under the same operating conditions. The output of the laser was filtered to 20% transmittance to reduce fading of the fluorescent label. The adjustable aperture was set at 2/l 6 diameter opening to obtain the thinnest possible optical section. An optical section thickness of approximately 0.5 microns was obtained using the 40x oil-immersion objective. A section thickness of 0.5 microns produced the clearest images at all depths and areas of the cultures, frequently several cell layers thick. Every image was Kalman filtered four times during collection and stored on IBM 3363 WORM drive optical disk. The images were normalized to background and sharpened using a high pass filter (3 x 3 pixels) before photography.
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